Introduction
Ion implantation is a widely used process in large area doping of semiconductor wafers and patterned structures [1] [2] [3] and improvement of wear and corrosion behavior of metal surfaces [4, 5] . Recent applications also include biomedical technologies [6] and arc ion plating [7] . Plasma Immersion Ion Implantation (PIII), otherwise called Plasma Source Ion Implantation (PSII), has several advantages over conventional ion beam implantation including higher ion current densities and a wider ion energy range, making it possible to treat targets of complex shapes in a rather short time [8] . In PIII the substrate is immersed in the plasma and biased negatively with highvoltage pulses from hundreds of volts up to 100 kV. Consequently, a large sheath forms the shape of which is strongly dependent on the substrate geometry and also on the electrical properties of adjacent holders. As a result, the sheath is a two or three dimensional structure in which potential distribution determines the ion motion until reaching the surface. Over the years, significant efforts were devoted to predict and improve the ion flux over the treated surface [9] [10] [11] [12] .
Ion dose non-uniformities in PIII of silicon wafers have been reported since 1998 [13] but the phenomenology inducing the observed pattern was explained very recently. Thus, it was demonstrated that the modal [14] and discrete [15] focusing effects are responsible for the formation of a passive surface (no ion impact) and the presence of an intense focusing ring that significantly degraded the ion flux uniformity [16] . A solution to improve the ion flux uniformity by introducing a vertical ring (VR) was actually proposed [17, 18] but its effectiveness was not yet validated on real PIII conditions.
In this work, we are investigating the influence of plasma density and implantation parameters on the ion dose nonuniformity induced by modal and discrete focusing effects. The VR ability to shift the discrete focusing from the wafer surface is also verified. FT-IR measurements are used to correlate the optical pattern observed on the wafer surface with ion flux predicted by simulations.
Experimental setup
Experiments are realized in a 13.56 MHz driven ICP reactor (35 × 35 × 35 cm 3 ) that is shown schematically in Fig. 1 . H 2 plasma density, ranging from 7 × 10 14 m − 3 up to 7 × 10 16 m − 3 , was monitored by a plasma absorption probe (PAP) connected to a high speed Network Analyzer [10] . Silicon wafers of 100 mm in diameter have been biased from − 5 kV down to − 10 kV at a fixed pulse width of 50 μs, and a pulse frequency of 20 Hz. The wafers were fixed to a multi-purpose insulated stand placed 27 cm below the dielectric window as shown in Fig. 2 , where (a) corresponds to a wafer with no additional ring, (b) a wafer with guard ring, and (c) a wafer with vertical ring (VR), respectively. The VR resembles the lateral surface of a 48 mm tall cylinder surrounding the wafer stand. A small gap of about 2 mm was set between the wafer edge and the VR that has been electrically connected to the same bias as the wafer by additional wiring inside the stand.
Results and discussions

Dependence of discrete focusing on plasma density and implantation parameters
When applying a negative pulse to the wafer, the lighter electrons are repelled within a time interval correlated with electron plasma frequency leaving behind the ions that respond much slower due to their heavier mass. This initial charge dynamics results in the formation of what is defined as a matrix sheath [8] . After, the ions start being accelerated and the sheath expands, reaching a steady state in less than 5 μs [8] . Since this time is less than 10% of the pulse width, we can assume that the sheath is stationary after its formation. In the case of a wafer with no surrounding electrodes (see Fig. 2(a) ) the sheath expands not only in the z direction (defined as perpendicular to the wafer surface) but also behind the wafer plane (− z), resulting in the formation of both modal and discrete focusing effects [14, 15] . In order to obtain the potential distribution in the sheath, we solved the Poisson equation in three dimensions using the finite element method [16] . Since the applied pulsed bias, V o , was very large with respect to plasma potential the sheath edge surface Σ was decided as V = 2% of V o . The sheath edge profiles, Σ (1) (2) (3) (4) (5) , for different plasma densities are shown in Fig. 3 , where the applied bias was kept constant to V o = − 10 kV and the wafer radius, R o , was set to 50 mm. The plasma densities, n e , used for this simulation are presented later on in Fig. 7 . Let us consider that ions are entering Σ with coordinates (x o ,y o ,z o ) and velocities (v xo ,v yo ,v zo ) reaching the wafer surface at (x f , y f , 0). We can also separate all ions entering the sheath in frontal ions for z o ≥ 0 and backside ions for z o b 0. From previous calculations on ion trajectories it was shown that the passive surface was delineated close to the wafer edge by a ring of intense ion flux that resulted from discrete focusing. Because the backside ions are mostly directed to the central part of the wafer the inner contour of the passive surface is delineated by those ions that enter the sheath with v zo = 0, a location where the component of the electric field in z direction changes its sign. The trajectories of test ions entering each Σ (1) (2) (3) (4) (5) with v zo = 0 are also shown in Fig. 3 . The radius delineating the inner diameter of the passive surface was defined as impact radius, r imp . As expected, r imp increases as the sheath thickness shrinks by increasing n e . The passive surface corresponds to R o ≥ r N r imp while for r ≤ r imp the ion flux includes the contribution of both discrete and modal focusing. side are concentrated around the wafer center, with a clear shadow induced by the wafer flat (line AB in Fig. 4 ) that has limited the sheath expansion in -z direction because the stand followed a circular profile.
The dependence of r imp on plasma parameters for a dc bias was already reported for disk and square electrodes of about 10 mm, a size much smaller than the plasma chamber (25 cm in diameter) [17] . In present work, and PIII in general, the sheath size is just a few times smaller or even comparable with the reactor size or only a few times smaller, and it is therefore important to verify the influence of plasma density and implantation parameters on discrete and modal focusing effects. As an example the photographs of two wafers treated at p = 35 mTorr are shown in Fig. 5 where (a) n e = 5 × 10 16 m − 3 , V o = − 8 kV and (b) n e = 8 × 10 14 m − 3 , V o = − 10 kV, respectively. The passive surface delineated by discrete focusing effect increased for lower plasma density because of the sheath expansion. The shadow predicted by simulations from Fig. 3 is also visible in Fig. 5(a) . To prove that the optical pattern is correlated with surface modification by ion implantation, we performed FT-IR measurements of the Si-H bond density in the radial direction of a wafer that exhibited a r imp = 3.7 mm after treatment. The FT-IR result is shown in Fig. 6 where one can see that the passive surface corresponded, as expected, to a very low Si-H bond density and that the high ion dose induced by discrete focusing resulted in a peak just around the measured r imp . The highest Si-H bond density was measured at the wafer center where the frontal ions reach the surface at normal incidence while the backside ions reach it at oblique incidence.
In order to crosscheck the simulation with experiments we treated 5 wafers for p = 35 mTorr and a fixed bias of −8 kV for different n e and measured the r imp . Then after we used the The agreement is quite good if we take into consideration that n e is not uniform in both z and radial directions (less than 25% within the range of Σ shown in Fig. 3 ) a fact that could not be accounted in our simulation. The impact angle, α, is an important parameter for ion induced surface modification because the implantation depth and/or sputtering yield depends on it. Most ions forming the high dose ring reach the surface with a narrow range of α.
The α of a test ion entering the sheath with v zo = 0 for different n e is also shown in Fig. 7 where α is defined as α = 0°for normal incidence. As expected α decreases as the sheath gets thinner, but it remains larger than 40°. The sheath also expands with an increasing V o , not only by a decreasing n e . Thus, experimental r imp with squares and simulation values with circles are shown Fig. 8 , for different |V o |, where n e = 6 × 10 15 m − 3 and T e = 3.5 eV. The agreement is fair and demonstrates that one can predict with a certain accuracy the shift of the discrete focusing with n e and V o using the assumption of a dc sheath. The sheath thickness depends weakly on T e thus it was not considered in the present work.
Improvement of ion dose uniformity using a vertical ring
Increase of ion current, I i , of a planar probe as a result of sheath expansion by decreasing the bias with respect to plasma potential, V pl , was known since the pioneering work of Langmuir [19] . Due to lack of appropriate analytic models to describe I i (V o ) Medicus proposed a guard-ring-probe [20] able to reduce the increasing I i by improving the parallelism of the sheath front with the probe surface. The same solution but for a larger scale was suggested to avoid the ion dose non-uniformity observed in PIII of silicon wafers [21] . However simulations showed that such a guard ring cannot prevent the back side ions to reach the probe (wafer) surface the modal focusing effect and that the discrete focusing effect is still taking place on the guard ring [17] . In order to prove this for PIII experiments, we used the stage setup presented in Fig. 2(b) where a guard ring of 160 mm in external diameter was used to surround the wafer stand with a gap interval of 1 mm. The photograph of the guard ring after treatment for an effective time of 15 s is shown in Fig. 9 where p = 35 mTorr, n e = 6 × 10 15 m − 3 , T e = 3.9 eV and V o = − 8 kV. One can very well distinguish a darker ring formed concentric with the guard-ring structure by discretely focused ions at about 7 mm from the external edge. As discussed in Figs. 7 and 8, the location of this ring will shift depending on the sheath thickness, making it actually possible to reach the wafer surface if the sheath exceeds a certain size.
As an alternative solution to the guard ring a vertical ring was proposed but not verified in real PIII situation [17] . In order to do so we used the arrangement presented in Fig. 2(c) where the vertical side of the stand was covered by a 48 mm tall metallic cylinder that was electrically connected to the same V o as the wafer. The photographs of two wafers treated for identical plasma and implantation parameters (n e = 1.7 × 10 16 m − 3 , T e = 4 eV, p = 35 mTorr V o = − 8 kV) are shown in Fig. 10 where (a) is without VR and (b) with VR. While wafer in Fig. 10 (a) exhibits both the modal and discrete focusing, the wafer in Fig. 10(b) shows no evidence of any non-uniformity induced by ion focusing. Moreover, the FT-IR measurement on the wafer with VR showed a constant level for Si-H bond in the radial direction. Thus besides improving the ion flux uniformity the VR provides some additional advantages such as the use of a plasma chamber with lower diameter and a power supply of less current if height of VR is optimized to a minimum value for which the discrete focusing is not shifting on the wafer surface. , T e = 3.9 eV and V o = − 8 kV. 
Conclusions
The ion dose non-uniformity induced on the wafer surface by modal and discrete focusing effects was investigated for different plasma densities and implantation parameters. The measured r imp agreed well with values obtained by simulation. The optical pattern on the wafer surface was correlated with the ion dose by FT-IR measurements. The applicability of a previously proposed vertical ring was demonstrated, the ring has been able to considerably improve the ion flux uniformity by shifting the discrete focusing effect out of the wafer surface and reducing the modal focusing.
